In this study, three different a-C:H:W coatings with predefined hardness values, ranging from 10 up to 16 GPa, were deposited by selecting suitable parameter set points and adjusting substrate bias voltage of the reactive unbalanced magnetron sputtering process according to a previously created regression model. To obtain this model, the four main process parameters had been varied according to a central composite design and their influence on the mechanical properties of the a-C:H:W coating had been investigated previously by nanoindentation. The three coating variants of this study were investigated in terms of microstructure, mechanical properties and residual stresses. It turned out, that by the use of the regression model, indeed a-C:H:W coatings of tailored mechanical properties can be deposited. Residual stresses were measured by means of focused ion beam milling of a double-slit geometry, which causes the internal stresses to relax, and mapping of the resultant relief strain by digital image correlation. A nearly linear relation between the applied bias voltage and the hardness, the modulus of elasticity of the coating as well as the determined relief strain was observed. Thus, residual stresses of the coatings increase disproportionately with applied bias voltage. The obtained results can be helpful for tailored coating design and further optimization of a-C:H:W coatings.
Introduction
Amorphous carbon coatings are well known for their beneficial properties such as high hardness combined with low coefficients of friction, chemical inertness and high wear-resistance [1] . However, these coatings frequently suffer from high internal stresses and thus show poor adhesion to many technical relevant substrates like steel, limiting their fields of application. Therefore, different adhesive interlayers were developed for enhancing the adhesion of the coatings [2] [3] [4] . Additionally, amorphous carbon coatings, such as hydrogenated amorphous carbon (a-C:H), can be doped with transition metals to modify specific properties [5] . In this context, one major advantage of metal modified hydrogenated amorphous carbon (a-C:H:Me) coatings is the reduced internal stresses and the associated enhanced effective adhesion of the coatings to the substrate [6, 7] . The probably most common type of a-C:H:Me is tungsten modified hydrogenated amorphous carbon (a-C:H:W).
Typically, a-C:H:W coatings can be regarded as nano-composite materials consisting of a hydrogenated amorphous carbon (a-C:H) matrix with embedded nanometer clusters of tungsten carbide [7] [8] [9] . These coatings are commonly deposited by reactive magnetron sputtering of a W or WC target in hydrocarbon atmosphere [6, [8] [9] [10] [11] . Therefore, structural as well as mechanical properties of a-C:H:W can be modified within a wide range by variation of process parameters during deposition [6, [11] [12] [13] [14] . These aspects make a-C:H:Me in general very suitable candidates for tailored coatings with the capability to optimize their properties for specific applications [7] .
The present study is based on previous work, in which key process parameters were varied by the use of design of experiments. Moreover, not only the resultant coating properties as a function of applied process parameter were investigated, but also a quadratic regression model was derived by statistical evaluation of the experimental data, which is expected to enable deposition of coatings with predefined i.e. tailored mechanical properties. In the present study, three a-C:H:W coatings of predefined hardness were deposited by adjusting bias voltage according to the regression model. The obtained coatings were investigated in terms of mechanical properties and residual stresses. Here, residual stresses were determined by a combination of focused ion beam (FIB) milling and digital image correlation (DIC) enabling the measurement of residual stresses of coatingsregardless of whether they are amorphous or crystalline [15] -on substrates of technical relevance like steel substrates.
Experimental details
Deposition of coatings Three different a-C:H:W coatings were deposited onto polished (final polishing, diamond slurry 1 µm) disks (Ø 30 mm x 5 mm) of cold work tool steel 1.2379 hardened and tempered to HRC 62. Prior to deposition of the coatings, the substrates were cleaned (ultrasonic bath, acetone and isopropanol) and plasma etched inside the coating machine. The a-C:H:W coatings were deposited by reactive unbalanced magnetron sputtering of a binder-free WC target in argon-ethine atmosphere using an industrial coating equipment (H-O-T, Germany) with threefold rotating substrate holder. Sufficient adhesion of the functional coating was ensured by deposition of an Cr-and WC-based adhesion layer by arc evaporation and sputtering of a Cr and binder-free WC target, respectively. For achieving coatings with predefined mechanical properties, specific process parameters obtained with a methodology similar to that presented in [16] were used. The essential approach is given in the following:
First, the influence of the main process parameters, namely cathode power P sputter , argon Φ(Ar) and ethine Φ(C 2 H 2 ) flow rate, at variable total system pressure, and negative substrate bias voltage U bias on the mechanical properties in terms of hardness and modulus of elasticity of the a-C:H:W coating was investigated. For a systematical evaluation of the single effects, the selected parameters were varied according to a central composite design comprising a total of 25 different parameter combinations. The resulting mechanical properties of the coating as hardness and modulus of elasticity were subsequently determined by means of nanoindentation. Further, coating thickness was measured by the calotte grinding method. The obtained results were statistically evaluated using the statistics software Minitab16 (Minitab, UK). Effects caused by variation of one individual parameter as well as two-factor interactions were considered in the analysis. It was found that Φ(C 2 H 2 ) and U bias have the strongest influence on the hardness of the coating. Consequently, a regression model that describes the relation between specific coating properties and the process parameters Φ(C 2 H 2 ) and U bias , at a given P sputter and Φ(Ar), was derived from the results. Fig. 1 exemplarily shows the contour plot giving the relation between Φ(C 2 H 2 ) and U bias and the hardness of the coating. Additionally, a regression analysis of deposition rate was performed to be able to adapt the resultant a-C:H:W layer thickness.
In a next step, three coating systems CS1-CS3 with desired hardness values were selected (see Fig. 1 ) and the required process parameters were determined from the regression model. Table 1 shows the parameters used for deposition of the a-C:H:W layer and the corresponding hardness values predicted by the model H model . Furthermore, the deposition time was adjusted in such a way that the expected thickness of the a-C:H:W layer is about 1.5 µm. and U bias for a given P sputter = 1200 W and Φ(Ar) = 180 standard cubic centimeters per minute (sccm).
Additionally, the positions of the selected coating modifications CS1-CS3 are given.
Characterization of the coatings Microstructure and thickness of the a-C:H:W coatings were obtained by focused ion beam (FIB) cross-sections and scanning electron microscopy (SEM) with a Zeiss Crossbeam 1540 (Carl Zeiss, Germany). As a first step a platinum protection bar was deposited on top of the coating to enhance the quality of the final cross-section. Subsequently the cross-section was milled with decreasing ion currents (final milling, 100 pA at 30 kV) and imaged by SEM.
Hardness H and modulus of elasticity E of the coatings were determined by means of nanoindentation with a nanoindenter XP (MTS Nano Istruments, USA) equipped with a three-sided Berkovich diamond tip. The indentations were performed using continuous stiffness measurement (CSM) technique with standard parameters (45 Hz, 2 nm) and mechanical properties, H and E, were evaluated from load-displacement data according to the Oliver-Pharr method [17] . Here, a Poisson's ratio of 0.3 is assumed for the coatings. The mechanical properties were determined in a depth range between 100 -150 nm where a constant and depth independent modulus was observed. A total of 25 indents per coating were performed. The distance between the individual indents was 15 µm.
Residual stress levels in the coatings were determined by means of a combination of FIB milling and digital image correlation (DIC) according to the procedure described in [18] . The method is based on the relaxation of internal residual stresses by FIB milling of a double-slit geometry and mapping of the resulting displacements in between the two slits by DIC. Therefore, two high resolution SEM images of the area of interest, one before and one after the FIB milling procedure, are taken. Finally, the residual stresses can be calculated from the determined relaxation strain and the elastic properties of the coating, e.g. obtained from nanoindentations. In the literature different relaxation geometries, like e.g. a single slot [15] , annular trenches or pillars [19, 20] are proposed. To enable simple calculation of residual stresses by use of Hooke's law, the applied milling geometry, depth d and distance w between the two slits, was previously optimized with regard to the coating thickness t. However, distance w is also restricted by the capability of FIB milling and mapping of resulting displacements by DIC. Here, the length of the double-slits was ca. 25 µm with a distance between them of 2.5 µm and the milling depth was set d > t. This approach was exemplarily validated by finite element simulations with the commercial software suite ABAQUS (Dassault Systèmes, France), revealing a maximum mismatch of less than ≈ 5 % between both determined residual stress values. Further information about proper relaxation geometry can be found elsewhere [21] . Moreover, for evaluation of residual stresses of the coatings, an equibiaxial stress state is assumed. FIB milling of the double-slit geometry was conducted by an automated milling procedure, which has been optimized to reduce FIB damage and to attain high milling accuracy. The procedure encloses several milling steps with decreasing ion currents (acceleration voltage 30 kV) ranging from 500 pA, for coarse milling, down to 100 pA for the final milling step. The resulting displacement gradients were mapped with the commercial DIC software Veddac 6.1 (Chemnitzer Werkstoffmechanik, Germany) setting the correlation parameters with regard to the
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Residual Stresses IX image quality and possible offset between both images. Since the coatings inherently showed sufficient topographic features for highly resolved DIC, previous decoration of the coating surface, e.g. with nanoparticles, was not necessary. A total of 5 measurements per coating were conducted for residual stress evaluation. Results Microstructure Fig. 2 shows FIB cross-sections of the coating modifications CS1-CS3 revealing the basic structure consisting of adhesive layer and a-C:H:W functional layer. As can be seen, the architecture and layer thickness of the adhesive layer is the same for all three coatings. The thickness of the Cr layer, the Cr-WC gradient and the WC layer is roughly 30 nm, 50 nm and 100 nm, respectively. This gives evidence for a high reproducibility of the used deposition process, as the adhesive layers were deposited with same process parameters within each batch. With adjusting the deposition time according to the regression model, also the thickness of the different a-C:H:W layers is equal. Here a value of about 1.6 µm is measured, indicating a high reliability of the derived regression model. Further, all three a-C:H:W coatings show a weak columnar microstructure. With increasing U bias from 10 V up to 170 V, no significant differences in microstructure of the coatings can be ascertained. The columnar microstructure is typical for this type of coatings and is discussed to be responsible for the reduction of residual stresses [13] .
Mechanical properties and validation of regression model
The hardness and modulus of elasticity of the coatings were measured in a depth range between 100 -150 nm by nanoindentation using CSM technique. Fig. 3 shows the measured hardness of the three different coatings in comparison with hardness values predicted by the regression model (see Table 1 ). As can be seen from Fig. 3 , the obtained mechanical properties of coating CS1-CS3 correspond well to the predicted values. The generated regression model thus allows deposition of a-C:H:W coatings of defined hardness. The coatings CS1-CS3 show hardness values between 9.4 GPa and 14.8 GPa and related moduli of elasticity between 117 -172 GPa, respectively (see Table 2 ). So, hardness as well as modulus of elasticity increase considerably with U bias . The relative strong scattering of the measurements derive from the columnar microstructure and surface defects, which occur on top of the coatings and lead to an increased surface roughness. These defects are probably caused by droplets, which arose during cathodic arc deposition of the Cr adhesion layer. An increase of H and E with bias voltage of a-C:H:W deposited by unbalanced magnetron sputtering in an argon-ethine atmosphere was also reported by Strondl et al. [6] and Pujada and Janssen [11] . Residual stresses In addition to mechanical properties, especially residual stresses are crucial for a reliable use of coatings and thus are an important aspect for tailored coating design. Fig. 4 shows exemplarily one FIB milled double-slit geometry of each coating superimposed with the resulting displacement gradient obtained by DIC. A linear and symmetric gradient across the remaining bar between the two slits with maximum displacements at the edges is found. Since the bars expand, coatings are subjected to residual compressive stresses, which is typical for a-C:H:W [11, 14] . The unusual fluctuations in the relaxation displacements indicate an influence of the columnar microstructure on the relaxation gradient. Comparing all three gradients, it becomes evident that the resultant displacements increase from CS1 to CS3, i.e. with increasing U bias . Additional to the gradients, the corresponding displacement vs. position plots of all five measurements per coating system are shown. The slopes of linear regression of the displacement vs. position plots (du/dx) give the respective relief strain ε rel. . As already indicated by the displacements, the relief strain also increases considerably with increasing U bias . For the coatings CS1-CS3, relief strain increases from 0.34 % to 0.92 %. From the relief strain the residual stresses of the coatings were calculated using the modulus of elasticity determined by nanoindentations. This simple approach is valid for the given geometry within an error of less than the overall measurement uncertainty as verified by finite element analysis. For the coatings CS1-CS3, residual stress values in the range between -0.40 GPa and -1.57 GPa are obtained. Increasing residual compressive stresses of a-C:H:W with increasing bias voltage were also reported elsewhere [6, 11] . Table 2 summarizes the determined properties of the coatings.
Discussion
The obtained dependencies of H, E, ε res. and σ res. on the applied bias voltage are shown in Fig. 5 . As can be seen, H and E of the three coatings increase directly proportional to applied bias voltage. As H and E increase to the same extent, a nearly constant H/E ratio with values between 0.080 -0.086 for all three coatings is obtained. The H/E ratio is also an important design parameter for coatings especially under tribological load and is regarded as a measure for the elastic strain to failure [22] . As a consequence, independent adjustment of hardness and modulus of elasticity of the With milling depth d of the double-slits exceeds the coating thickness, the observed relief strain on top of the coatings reflects the average residual stress state of the entire coating system, neglecting any possible stress gradients. Moreover, owing to high defect density on the coating's surface, it was hard to avoid having any defects in the vicinity of the milled doubleslits. However, Sebastiani et al. [23] showed by incremental FIB milling on chromium nitride coatings produced by cathodic arc evaporation, that such defects do in fact influence the stress gradient but not the average stress present within the entire coating. Since the used relaxation geometry is only sensitive for residual stresses acting in one direction, i.e. perpendicular to the slits, an equibiaxial stress state of the coatings is assumed.
As can be seen from Fig. 5 , residual stresses of the coating considerably increase from -0.40 GPa at a bias voltage of 10 V up to -1.57 GPa at U bias of 170 V. Since the magnitude of residual stress is given by the magnitude of modulus of elasticity as well as the observed relief strain, both increase nearly linear with U bias , the residual stress level of the coatings actually increase disproportionately with bias voltage (σ res. ∼ (U bias )²). Beside the undesirable aspects of residual stresses in coating systems, they also can be advantageous to a certain extent under specific loading conditions. Schaufler et al. observed for well adhering coatings [24] a strongly enhanced fatigue life time of coated steel substrates, which they attributed to the high residual compressive stress level of the coatings [25] . Moreover, the degradation rate of a-C:H coatings under erosive load could be reduced by increasing the residual compressive stresses of the coating [26] .
Conclusion
Three different tungsten modified hydrogenated carbon coatings (a-C:H:W) with hardness values ranging from 9.4 to 14.8 GPa were deposited by reactive unbalanced magnetron sputtering by a variation of negative substrate bias voltage according to a previously derived regression model. By the proposed experimental approach, a-C:H:W coatings of tailored hardness can be deposited. These coatings were further investigated in terms of mechanical properties and residual stresses. Here, a linear relation between hardness as well as modulus of elasticity and applied bias voltage was found. No significant variation of H/E ratio was observed, limiting independent adjustment of hardness and modulus of elasticity. However, it was observed that relief strain due to relaxation of internal stresses by FIB milling also increases nearly linear with bias voltage. Since the magnitude of residual stresses of the coatings depends on both the relief strain and the modulus of elasticity, it increases disproportionately (σ res. ∼ (U bias )²) with applied bias voltage.
In future work, chemical composition of the coatings will be analyzed by Auger electron spectroscopy and Raman spectroscopy will be performed to gain structural information. Additionally, two more coating systems CS4 and CS5 with same expected hardness values as of CS1 and CS3 will be deposited by varying only Φ(C 2 H 2 ) according to the presented regression model. This will be done in such a way that both connecting lines CS1/CS3 and CS4/CS5 intersect in CS3 by setting U bias fix to 90 V. Here, a higher ethine flow rate should lead to a higher portion of a-C:H matrix [10, 14] and thus probably will influence the H/E ratio. Furthermore, it is of interest whether and to what extent the residual stresses can be adjusted independently of H and E.
